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A limitation of the current clinical application, however, is the inability of this blue excitation light to appreciably penetrate tissue beyond the exposed tissue surface of the surgical field (submillimeters), primarily because of very strong attenuation by hemoglobin (Fig. 1) . Thus, tumor tissue that would otherwise fluoresce is not detectable if it is overlaid by nonfluorescent tissue or blood. Hemoglobin absorption is markedly reduced at longer (red) wavelengths, and red excitation should improve the detection of tumor-associated fluorophores to greater depths below the accessible tissue surface. In this paper, we report our experience in 29 patients of using red-light excitation at 630 nm and detection in the range of 650-720 nm and making intraoperative comparisons with blue-light excitation at approximately 405 nm and detection in the range of 600-720 nm.
Methods

Patient Selection
This study adhered to the principles set forth in the US Code of Federal Regulations, Title 45, Part 46, Protection of Human Subjects, revised January 15, 2009 (http://www. hhs.gov/ohrp/humansubjects/guidance/45cfr46.html), and the World Medical Association Declaration of Helsinki (http://jamanetwork.com/journals/jama/fullarticle/ 1760318). It was registered with the ClinicalTrials.gov database (http://clinicaltrials.gov), and its registration no. is NCT02191488. Patients were enrolled under an institutional review board-approved FDA Investigational New Drug protocol for ALA-induced fluorescence in intracranial tumor between April 2015 and February 2016. Subjects were 21 years or older, were preoperatively diagnosed with lowor high-grade glioma, meningioma, or intracranial metastatic tumor, and satisfied standard inclusion and exclusion criteria for ALA studies. 13 Maximum safe resection of tumor defined by T1-weighted MRI with gadolinium enhancement or of nonenhancing tumor demonstrated on T2-weighted imaging was the goal in all surgeries. Signed informed consent was obtained for all patients.
Microscope Adaptation
Implementation of red-light fluorescence imaging required adaptation of an OPMI Pentero operating microscope (Carl Zeiss Surgical GmbH) that was already equipped with a Blue 400 module (Carl Zeiss AG) for fluorescence imaging. 23 To provide red-light excitation of the surgical field, a customized filter platform was attached at the objective lens of the microscope. This customization did not interfere with conventional draping or functions of the operating microscope. The attachment enabled a 630 ± 10-nm bandpass filter (ET630/20x, Chroma Technology Corp.) to be manually slid into and out of the xenon arc lamplight path of the microscope (Fig. 2) . The light source remained the regular white light xenon arc lamp of the microscope but in the manner described was filtered to allow only a subset of wavelengths to illuminate the surgical field. An imaging spectrometer, or a spectrally resolved camera, was connected to an existing optical side port on the microscope, as previously described. 23 Light was collected from the surgical field over an approximately 7-nmwide spectral window via a liquid crystal tunable filter in the optical path of the adaptor tube holding the detection camera. An additional 650-nm longpass filter eliminated remaining excitation light passing through the tunable filter. The longpass filter was placed between the adaptor port and the tunable filter and manually rotated in and out of the optical path during red-and white-and/or blue-light imaging.
Fluorescence Overlay
To eliminate the display of PpIX below the detection limits, images acquired with the internal camera of the microscope were overlaid with the lower bound of the 95% confidence interval of PpIX concentration determined by the imaging system. This lower bound was calculated from the estimate of PpIX concentration and the noise present in the signal. For high signal-to-noise ratios, this lower bound was negligibly different from the actual PpIX estimate. For the overlay images under blue-light excitation, this lower bound was presented on a logarithmic false-color scale ranging from 0.05 μg/ml (blue) to 1 μg/ ml (green) to 20 μg/ml (bright yellow). A quantitative estimate of the PpIX concentration is not yet available for red-light excitation, so we are reporting the intensity of the spectrally fit PpIX component present in the measured spectrum, and the color bar was based on the limit of detection and the saturation value of the camera. The same color scale was used for all patients. In this study, processing and filtering the optical data took less than 1 second, and image registration took almost 1 minute.
Study Protocol
Approximately 3 hours prior to surgery, patients took an oral dose of ALA (20 mg/kg, DUSA Pharmaceuticals Inc.). All surgeries were performed in an otherwise conventional manner using image guidance (StealthStation, Medtronic Navigation) coregistered to preoperative MRI. Craniotomies were placed directly over tumors unless the approach to that portion of the cranium required the opening to be off-center. Fluorescence imaging was performed before and after dural opening, upon tumor exposure, during resection, and at the completion of resection. White light as well as blue-and red-excitation fluorescence light images were obtained using the hyperspectral camera. 23 Additional measurements were made with a previously described handheld fiber optic probe for quantitative fluorophore detection. 24 Visual and red-light fluorescence determinations, MRI location, and histology were collected under coregistered conditions. The primary data analysis was a comparison of tissue fluorescence under blue-light and red-light conditions. Spectral fitting was used to separate the PpIX fluorescence from that of photoproducts and from background tissue autofluorescence, for both blue and red excitation. Confidence intervals 1 on parameter estimates were used to determine the quantifiable presence of fluorescence within the exposed surgical field.
Visual (subjective) fluorescence was graded by the surgeon as none (0), low (1), moderate (2), and high (3). For ease of comparison with the surgeon's fluorescence rating, measurements taken by the fluorescence imaging spectrometer were grouped into 4 rankings (0-3). These rankings were determined by comparing the maximum concentration or intensity observed during the case to fixed thresholds. For this study, the maximum was defined as the average signal over a square region 11 pixels wide and centered on the maximum signal observed during the case. For PpIX excited by blue light (approximately 405 nm), the signal was defined as the quantitative estimate of PpIX in μg/ml with thresholds of 0.03, 0.15, and 0.60 μg/ml for rankings 1, 2, and 3, respectively. For PpIX excited by red light (approximately 635 nm), the signal was defined as the intensity of the spectrally fit PpIX component present in the measured spectrum. The thresholds for red-light-excited PpIX were 0.5, 2, and 4 AUs for rankings 1, 2, and 3, respectively. This system was used in place of a quantitative estimate because a method to remove the confounding effects of optical properties and detection at depth has not yet been developed and validated for red light.
MRI Data Reconstruction
An intraoperative stereovision (iSV) system that consisted of 2 charge-coupled device (CCD) cameras (Flea2, Point Grey Research Inc.) was attached to the operating microscope (OPMI Pentero, Carl Zeiss Surgical GmbH). The operating microscope was connected to a commercial navigation system (StealthStation S7, Medtronic) for optical tracking, and fiducial-based registration was performed on the navigation system at the beginning of surgery to provide intraoperative navigation. The camera parameters of the iSV system were precalibrated for 3D surgical surface reconstruction. The technical details have been reported elsewhere. 5, 6, 18, 20 Before and after dural opening, a pair of iSV images of the surgical field was acquired and a 3D surface was reconstructed and coregistered with MRI using methods described previously 2 and briefly summarized here. Specifically, the brain was segmented on the MR images using a level-set algorithm, 26 with manual refinement in the craniotomy region to include features on the brain surface. The iSV surface was projected along the average surface normal (the line perpendicular to the plane tangential to the surface) onto the segmented brain surface, and a point cloud that geometrically matched the brain surface was produced to compensate for brain deformation. An MRIencoded texture map was generated by replacing iSV pixel values with MRI intensities at the projected locations. The texture map was created by translating successively along the surface normal from 0 to 5 mm below the surgical surface. The pixel intensities in the generated MR images were a weighted average over a depth representative of the penetration of the excitation light wavelengths.
Results
Twenty-nine patients undergoing craniotomy for resection of tumor were included in this study. Tumor pathologies included glioblastoma (GBM; 10 patients), anaplastic astrocytoma (1), anaplastic oligoastrocytoma (1), diffuse astrocytoma (3), ganglioglioma (2), metastatic tumor (4), meningioma WHO Grade I (4), atypical meningioma WHO Grade II (1), anaplastic meningioma WHO Grade III (1), and preoperatively presumed tumors (2) that on final pathology were nonneoplastic (an ectopic bone formation and a meningioangiomatosis). Tables 1-4 Most noteworthy are the findings that there was no evidence of fluorescence detection from tumor deeper than 1 mm under blue-light illumination and that fluorescence elicited by red-light illumination was weaker but consistent with contribution from PpIX up to 5 mm below the exposed tissue surface.
Illustrative Cases Case 3
Following a generalized tonic-clonic seizure, a 68-yearold man presented with postictal left-sided weakness. Computed tomography and MRI demonstrated a 4-cm, ring-enhancing, right parietal intrinsic tumor most consistent with high-grade glioma (Fig. 3A) , and the patient was brought to the operating room for resection. On elevation of the bone flap and exposure of normal-appearing dura mater, visualization under blue light showed no fluorescence, and this was confirmed using the handheld fiber optic probe that has significantly higher sensitivity. Under red-light illumination, strong fluorescence was detected in the inferior aspect of the dural exposure (Fig. 3D) . Upon opening of the dura, tumor extending to the cortex in the area underlying the region positive for red-excitation fluorescence was observed under white-light illumination, and this tissue then fluoresced under both blue-and red-light excitation (Fig. 4) . Of note, the location and distribution of the red-light fluorescence detected prior to dural opening corresponded to those on both the blue-and red-excitation fluorescence observed after the dura was open. Moreover, the red-excitation fluorescence maps closely matched the shape of enhancement on MRI over a 5-mm-deep section, while the blue-light map matched the MRI over a 1-mmdeep section only after the dura was removed. Postoperative MRI showed complete resection of contrast-enhancing tumor. Pathology confirmed the diagnosis of GBM.
Case 11
A 54-year-old right-handed woman presented with a history of headaches over the prior 2 weeks. Her neurological examination was normal. Magnetic resonance imaging demonstrated a 4.5-cm, contrast-enhancing, right middle fossa extraaxial mass consistent with meningioma ( Fig. 5A) . At surgery, no fluorescence under blue or red illumination was demonstrated on exposure of the dura (the tumor and involved dura lying more than 5 mm inferomedially). Upon opening of the dura, an extraaxial mass was visible under white light and showed positive fluorescence under both blue-and red-light excitation. The lateral aspect of the tumor was covered by a small amount of thickened arachnoid and blood, and this area did not fluoresce under blue light; under red light, a broader area of tumor fluorescence was documented (Fig. 5B-D) . The PpIX flu- orescence maps from red-and blue-light excitation corresponded to the map of MRI enhancement over the 5-and 1-mm depths, respectively ( Fig. 5E and F) . Complete resection of contrast-enhancing tumor was demonstrated on postoperative MRI. The final pathological diagnosis was atypical meningioma (WHO Grade II).
Case 24
A 57-year-old woman developed headache and speech difficulty over the preceding 2 weeks and on neurological examination was without focal or lateralized findings apart from slowed speech. Magnetic resonance imaging showed a 5.5-cm, rim-enhancing, left frontal mass lesion Under white-light visualization, the intact and normal-appearing dura has been exposed upon elevation of the free bone flap. (The small yellow circle in the lower middle portion of the figure corresponds to the site of handheld optical probe measurements, whose spectra are shown in panel E.) C: Under blue-light excitation, no red fluorescence is visible. D: Under red-light excitation, fluorescence (650-720 nm) corresponding to underlying tumor was detected and is displayed in a false color overlaid on the white-light image. E: The optical spectra acquired with the handheld optical probe and corresponding model fits for PpIX, photoproducts, and autofluorescence at the site indicated by the small yellow circle in panel B. The typical red emission peak of PpIX at 635 nm under blue-light excitation is absent, while emission at longer wavelengths is detected under red-light excitation, confirming the presence of PpIX. F: Reconstruction of weighted MRI data corresponding to a plane 0-1 mm below the dural surface in the operative field. G: Reconstruction of weighted MRI data corresponding to a plane 0-5 mm below the dural surface in the operative field.
FIG. 4. Case 3. A:
The cortical surface under white-light illumination. B: Under blue light, red fluorescence is evident in tumorinvolved cortex. C: Under red light, longer-wavelength fluorescence represented in a false color is more extensive, corresponding to the contribution from subsurface PpIX. The location and distribution of fluorescence detected before dural opening (in Fig. 3 ) are consistent with those demonstrated with the dura open. D: Reconstruction of MRI data corresponding to a weighted average of the first 1 mm below the cortical surface. E: Reconstruction of weighted MRI data corresponding to the first 5 mm below the cortical surface. (Fig. 6A ). An awake craniotomy for tumor resection was performed without complication. During surgery, bluelight illumination of the exposed cortical surface produced visible fluorescence; red illumination also produced detectable fluorescence, including areas of tumor involvement beneath a thin layer of nonfluorescent cortex and not revealed under blue light (Fig. 6B-D) . Spectral data acquired using the handheld fiber optic probe from these areas demonstrated no PpIX signal under blue-light excitation but a robust PpIX signal under red-light exposure (Fig. 6E) . The necrotic central portion of the tumor did not show fluorescence under either blue-or red-light illumination. Postoperative MRI confirmed complete resection and no residual contrast enhancement. Pathology confirmed the preoperative diagnosis of GBM.
Discussion
Fluorescence guidance using ALA has demonstrated substantial utility in the resection of intracranial malignant glioma, as well as potential applicability in other pathologies such as meningioma and metastatic tumor. 7, 21, 24 Standard clinical practice involves the use of an adapted operating microscope capable of illuminating the surgical field with blue light and equipped with appropriate filters for optimal visualization of the fluorescence emitted by PpIX. One limitation of this technique, however, is that the blue-excited PpIX fluorescence returns a signal that detects fluorophore only within the most superficial 1 mm or less of tissue. This limitation is an important consideration for surgical guidance since tumor that is covered by nonfluorescent tissue or by a thin layer of blood-conditions common in a surgery for intracranial tumor resection-is not likely to be detected. Blue-light excitation illuminates PpIX at its wavelength of maximum absorption, although this portion of the spectrum also overlaps with strong absorption from hemoglobin (Fig. 1) . Deeper sampling of PpIX can be achieved through the use of deeper-penetrating red light, where attenuation from absorption by blood is reduced, although PpIX is a less efficient absorber at red wavelengths. These properties underpin the approach used in the present study, and the results highlight this trade-off in depth versus efficiency.
Previous studies exploring the ability of red-light-excited fluorescence to detect subsurface PpIX in tissuesimulation phantoms have demonstrated PpIX detection at depths of up to 5 mm, with either a fiber optic pointspectroscopy probe or a wide-field imaging system. 4, 10 Fluorophore visualization at such a depth may well have practical benefit, countering the common obscuration of parts of the resection surface by blood or necrotic tissue. Strategies, instrumentation, and algorithms capable of assessing the depth and quantity of subsurface fluorophore are under development. 10, 11, 19 Studies in rodent tumor models have confirmed the feasibility of the approach, with both fiber-optic probes and wide-field imaging. In a CNS-1 rodent tumor model, PpIX fluorescence from depths of 3 mm was detectable using the same operating microscope adaptation used in the present study (Kolste et al., unpublished data, 2015) . Wide-field interrogation of the surgical field is essential for workflow efficiency during surgery. The concept of tuning the excitation source to provide a description of the topographic distribution of fluorophores has been tested preclinically but has yet to be evaluated clinically. 8, 9 Disadvantages of red-light fluorescence imaging include the following. First, additional modifications to the operating microscope are required to provide red-light illumination and incorporate the appropriate detection filters. The emission wavelengths detected with this method occur at the limits of human visual perception where the sensitivity is minimal, so that the approach is unlikely to provide fluorescence that is visible to the human eye without specialized equipment for detection and display. In this study, image processing and display were accomplished in approximately 1 minute but not in real time. The total time has now been reduced to approximately 10 seconds, and it is anticipated that this time delay will be substantially reduced in the near future. Second, quantitative interpretation of red-excited PpIX fluorescence is more complicated than that of blue-excited fluorescence since the images are influenced by both the concentration and the depth distribution of the PpIX, as well as by attenuation from absorption and scattering within the tissue. Modeling and experimental studies of these issues are in progress. Third, imaging with red-light excitation is intrinsically less sensitive since the PpIX absorption is much reduced; thus, the threshold PpIX concentration for detection is higher. In part, this reduced sensitivity can be offset by increasing the excitation light intensity (the maximum intensity of which the system used in this study is capable, measured in mW/ cm 2 , is only 6.25% of that of the microscope's standard white-light source because of the interposed filter) and/ or by using more sensitive (but more expensive) imaging detectors. For this investigation, the excitation light was obtained by filtering the existing white-light source. One beneficial consequence of exciting PpIX where its absorption is approximately 5% of that at 405 nm is the proportionate decrease in undesirable quenching of the fluorophore. Last, the fluorescence quantum yield of PpIX is low (approximately 0.06). 3 Fluorophores with considerably higher quantum yields (for example, Alexa Fluor, with a quantum yield of 0.3) are under investigation and will potentially yield brighter images, have a lower concentration threshold for detection, and likely prove useful in future applications.
Conclusions
A strategy for ALA-induced fluorescence guidance using red-light illumination of the surgical field and detection of fluorophore emission has been implemented and investigated during surgery for intracranial tumor resection in 29 patients. The technique enables subsurface detection of PpIX in tumor tissue not visualized under conventional blue-light excitation. The clinical utility of such a strategy and whether the required equipment modifications and the consequent indirect visualization are supported by such utility warrant further investigation.
